Editorial
C onsiderable information is known about the extracellular signals that drive pluripotent stem cells (PSCs) through a stepwise program to become cardiomyocytes. An article by Ohtani et al in this issue links extrinsic signals to histone demethylation needed to form mesoderm, the first step in cardiogenesis.
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Extrinsic signals drive the stepwise differentiation of PSCs into cardiomyocytes, and highly efficient protocols exist for producing large numbers of >90% pure cardiomyocytes by judiciously manipulating the timing and concentration of inducing factors that are provided to the cultures. 1 As elegantly shown recently by Murry, Bruneau, and their colleagues, 2,3 the activities of extrinsic growth factor-like molecules, such as Transforming Growth Factor-β, and Wnt family members and their inhibitors become transduced into changes in the 3-dimensional structure of chromatin that locally influences expression of cardiogenic genes. Moreover, rules are emerging for how epigenetic modifications to histones (acetylation and methylation) and DNA (methylation) influence chromatin structure and transcription, making it possible to predict whether a gene is active, inactive, or poised on the basis of patterns of histone and DNA modifications. 2 Despite these advances, we have only a rudimentary understanding of how extrinsic signals elicit specific chromatin modifications and control cell fate.
In this issue, Ohtani et al 4 take a first stab at understanding how functional regulation of histone methylation determines whether PSCs become mesoderm (and hence cardiac). The work focuses on the role of Jumonji d3 (Jmjd3), also known as Kdm6b, a DNA demethylase (DM) that removes repressive marks at H3K27 sites, typically placed by the Polycomb complex. 5 Their finding that genetic deletion of Jmjd3 selectively affects certain mesodermal genes raises the interesting question of how histone DMs recognize particular sites in the genome and dictate cell fate choice.
Histone demethylation is regulated genome-wide by lysinespecific demethylase (LSD) and JmjC DMs, which together profoundly influence the transcript profile of cells. 6 There are only 2 LSD family members, whereas ≥18 of 30 JmjC-domain proteins are known to be capable of histone demethylation. 5 All histones can be methylated, but the most common modifications occur on K4, K9, K27, K36, and K79 of histone H3 and on K20 of histone H4. Jmjd3 is selective for H3K27 (the only other DM that can demethylate H3K27 is UTX) and removes methyl groups placed by the Polycomb Repressor Complex 2.
5 Although DMs are selective for the particular methylated residue, on their own they do not recognize the surrounding sequence. Considering that Jmjd3 is also involved in endoderm differentiation, 7 it is intriguing to postulate that extrinsic signaling provides contextual cues that dictate the sites in chromatin occupied by Jmjd3 and other DMs.
Pursuing this idea, Ohtani et al 4 found that Jmjd3 demethylation of H3K27 residues is needed for Wnt-stimulated nuclear β-catenin to activate certain mesoderm genes. Several recent studies in a variety of biological systems have similarly identified additional extracellular cues that link Jmjd3 to other genes ( Figure) . [8] [9] [10] [11] [12] [13] [14] Although selectivity seems unequivocally under extracellular control, the precise mechanism for recruitment is less evident. Although both Wnt/β-catenin signaling and Jmjd3 are needed to induce mesoderm genes, 4,10,15 neither β-catenin nor Jmjd3 can recognize specific DNA sequences; thus, sequence-specific transcription factors probably aid in the selective recruitment of Jmjd3 to particular sites in chromatin.
An elegant study by Dahle et al 10 suggests that Smad2 provides the critical DNA sequence recognition needed to recruit Jmjd3 to T/Brachyury, a key and stereotypical mesodermal gene. They showed that the divergent Transforming Growth Factor-β family member Nodal, which phosphorylates Smad2 and Smad3 and thereby triggers nuclear localization, is needed to bring Jmjd3 to the T/Brachyury locus during mesoderm formation in PSCs. Nodal signaling also induces Jmjd3 transcription. Thus, Nodal provides the key input that induces Jmjd3 and provides phosphorylated Smad2/3 proteins that direct it to genes such as T/Brachyury.
Why, then, are Wnt and β-catenin so important? Ohtani et al 4 showed that Jmjd3 binds β-catenin directly and thus associates indirectly with T-cell factor (Tcf) transcription factors that also recognize DNA. However, Dahle et al 10 found that Wnt signaling alone is not capable of removing repressing H3K27 methylation and activating T/Brachyury in the absence of Nodal signaling. Thus, we propose that Jmjd3 participates in a larger complex involving both Smad2/3 and β-catenin on the promoter of T/Brachyury and possibly other mesodermal genes (Figure) .
There are a few additional examples of extrinsic cues that direct Jmjd3 to lineage-specific genes. Treating PSCs with high levels of activin A (to mimic endogenous Nodal) drives Jmjd3 and Smad2/3 to the promoters of endodermal genes. 7, 9 In this context, however, the high levels of Nodal/ activin A signaling, in the absence of Wnt, induce the T-box transcription factors Tbx3 or Eomes depending on the
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timing of differentiation, and physical association of these T-box proteins presumably provides sequence selectivity for Jmjd3 (Figure) . 7 Similarly, Jmjd3 cooperates with Hes1 to promote transcription of Mash-1 downstream of retinoic acid signaling to drive neural fate in P19 cells (Figure) . 13 In each case, a selective signaling pathway directs the recruitment of a transcription factor (Tbx3, Eomes, or Hes1), which then recruits Jmjd3 to specific genomic loci to drive a particular fate.
Interestingly, there is a plethora of lineage-specific T-box transcription factors, and it is tempting to speculate that mesodermal T-box proteins recruit Jmjd3 to T/Brachyury and potentially other mesodermal genes. Examining the T/Brachyury promoter by rVista motif analysis, we found that T-box consensus binding sites are interspersed between the Smad and Tcf sites ≈1 kb away from the start site of transcription. Although consensus binding sites are only circumstantial evidence of binding, Tbx6 in mouse and VegT in Xenopus are candidate factors that might recruit Jmjd3 to the T/Brachyury promoter because they are expressed or active in nascent mesoderm and involved in induction. [16] [17] [18] Key questions remain about the role of Jmjd3. Does it instruct cell fate or only create conducive conditions by making chromatin accessible to inducing signals? To what extent does it act redundantly or coordinately with other DMs and other chromatin-modifying machinery? In the Ohtani 4 work, knocking out Jmjd3 blocked mesoderm formation but did not trigger a compensatory switch to another lineage. In the early stages of PSC differentiation, a fate switch or ying-yang between mesoderm and ectoderm is well-documented. 19, 20 Both Wnt and Nodal drive mesoderm and ectoderm forms at the expense of mesoderm in their absence. 19, 20 One explanation might be that the cells are stuck in an epiblast-like stage and simply fail to differentiate when deprived of Jmjd3.
We anticipate that exploring 2 directions will bring the function of Jmjd3 into sharper focus. The first is to understand the role of Jmjd3 in cell fate determination. Alhough mesoderm was impaired by the Jmjd3 knockout, 20% of the embryoid Figure. Combinatorial assembly of Jumonji d3 (Jmjd3) histone demethylase with transcription factors directs cell fate. Contextdependent extracellular signals (retinoic acid, Nodal, and Wnt, color-coded to reflect cell lineages) acting on multipotent progenitors induce specific transcription factors and the histone demethylase Jmjd3. These transcription factors selectively recruit Jmjd3 to particular promoters to activate lineage-specific genes, causing the progenitors to adopt particular fates. Black arrows indicate positive effect; green arrows, activation of transcription; and P, phosphorylation.
bodies still exhibited contracting areas, suggesting that mesoderm differentiation did not fail completely. Functional redundancy could be an explanation for this observation; indeed, UTX is also needed for mesoderm and ectoderm differentiation and is partially rescued by Jmjd3. 21 Moreover, unlike endoderm, wherein Jmjd3 regulates many of the essential endodermal differentiation genes, 9 only few mesoderm differentiation genes were targeted by Jmjd3, 4 consistent with the idea that other mechanisms may be required to drive mesoderm differentiation completely. This might explain why removing Jmjd3 does not divert cells to epiblast or ectoderm.
The second area we think would be informative is defining how Jmjd3 and DMs are recruited to specific sites in chromatin. We discussed how association with transcription factors might provide selectivity, but the details of specific factors and how they are activated or induced by extrinsic signaling, such as from the progenitor cell niche, remain vague. Dahle et al 10 suggested that occupancy of the T/Brachyury promoter by β-catenin alone is insufficient for Jmjd3 recruitment or transcription. β-catenin/Tcf, therefore, might function as a pioneer complex that binds first and then recruits Jmjd3 and other factors. Alternatively, P-Smad2/3 or even a T-box protein might be the pioneers, or the complex might assemble in the cytoplasm before engaging chromatin.
Clearly, the role of Jmjd3 in mesoderm induction is the tip of the iceberg in understanding how chromatin modification directs cardiac cell fate. In addition to defining the role of Jmjd3 and basis for gene selectivity, we should also ask whether the many other JmjC DMs are involved in mesoderm and cardiac fate. Furthermore, it will be of particular importance to understand chromatin structural changes that underlie the subsequent steps from mesoderm to terminally differentiated cardiomyocytes, each of which might involve DMs to enable distinct programs of gene expression. We predict that physical interactions between DMs and well-known cardiac transcription factors might be responsible for activating discrete stage-specific programs of gene expression during cardiogenesis. Furthermore, these mechanisms might be reused during compensatory or decompensatory events in heart disease.
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